
DEVELOPMENT OF AN ADVANCED FLUIDIZED BED COAL GASIFICATION PROCESS 

R. E. Andermann, G. B. Haldipur 

Westinghouse E l e c t r i c  Corporation 
Advanced Coal Conversion Department 

Box 158 
Madison, Pennsylvania 15663 

In t roduct ion  

Westinghouse E l e c t r i c  Corporation, under cont rac t  w i t h  t h e  U.S. Department 
of Energy, is developing a c o a l  g a s i f i c a t i o n  process .  The process  u t i l i z e s  a var i -  
e t y  of caking or  non-caking coa ls  t o  produce a c l e a n  combustible gas ,  
w a s  designed t o  supply a c l e a n ,  low-Btu gas  for  e l e c t r i c  power generat ion through a 
gas and steam turb ine  combined-cycle p l a n t ;  however, t h e  process  can be used t o  pro- 
duce a low-Btu o r  medium-Btu gas  f o r  e i t h e r  i n d u s t r i a l  f u e l  gas  o r  s y n t h e s i s  gas .  
The Westinghouse coal  g a s i f i c a t i o n  process  can a l s o  be used f o r  the cogenerat ion of 
steam, gas ,  and power. 

t o r s  (see Figure 1 ) .  The f i r s t  r e a c t o r ,  t h e  d e v o l a t i l i z e r ,  is used t o  d e v o l a t i l i z e  
and decake coa ls  a s  requi red .  Coal i s  f e d  from lockhoppers t o  t h i s  r e a c t o r  through 
a d r a f t  tube i n t o  a f l u i d i z e d  bed which opera tes  a t  1690 @a (230 p s i g )  and 87OoC 
(1600OF). Devola t i l i zed  char  c i r c u l a t e s  around the d r a f t  tube and d i l u t e s  t h e  in- 
coming coal ,  thus  prevent ing t h e  agglu t ina t ion  of c o a l  p a r t i c l e s  a s  they p a s s  through 
t h e  p l a s t i c  s t a g e  during hea t ing .  The two product s t reams from the  d e v o l a t i l i z e r  a r e  
a combustible gas  and char. 

The second r e a c t o r ,  t h e  g a s i f i e r ,  is used t o  g a s i f y  a wide range of feed 
m a t e r i a l s  which inc lude  c o a l s  a s  w e l l  as coal-der ived chars .  I n  t h e  g a s i f i e r ,  the  
feed m a t e r i a l s  r e a c t  with steam and air. 
t h e  h e a t  for  t h e  e n t i r e  process  and a l s o  causes the  ash  present  i n  t h e  char t o  ag- 
glomerate a t  about 1095OC (2000'F). These heavier ,  l a r g e r  a s h  p a r t i c l e s  d e f l u i d i z e  
and a r e  withdrawn from the  bed. The steam-carbon g a s i f i c a t i o n  r e a c t i o n  is used t o  
consume the  r e m i n d e r  of t h e  carbon n o t  combusted by a i r .  
moderates the r e a c t o r  temperature  and provides  t h e  combustible gas which is i n t r o -  
duced i n t o  t h e  d e v o l a t i l i z e r  a s  t h e  f l u i d i z i n g  medium. 

Since August 1972, a three-phased e f f o r t  has  been i n  progress  a t  Westinghouse: 
bench s c a l e  and a n a l y t i c a l  work; p i l o t  s c a l e  development on a 545 kg/hr (1200 l b / h r )  
Process  Development Uni t  (PDU); and scale-up s t u d i e s  f o r  a commercial s c a l e  p lan t .  This 
paper considers  only t h e  work r e l a t e d  t o  t h e  PDU. 

s ioning  of u t i l i t i e s  and process  systems was completed by January 1975. 
gas  genera tors  were commissioned in e a r l y  1975. 
i n  t h e i r  redesign,  which w a s  followed by t h e i r  s u c c e s s f u l  commissioning i n  September 
1975. The tests, which 
were completed i n  August 1976, demonstrated t h e  f e a s i b i l i t y  of the d r a f t  tube  concept 
f o r  this port ion of t h e  process .  

Test ing of t h e  g a s i f i e r  reac tor  s t a r t e d  in November 1976 and ended i n  
December 1977. During t h i s  s e r i e s  of t e s t s ,  successfu l  opera t ion  of t h e  g a s i f i e r  was 
demonstrated wi th  a wide v a r i e t y  of feedstocks which included chars  produced e a r l y  i n  
t h e  d e v o l a t i l i z e r  test s e r i e s .  
achieved during the g a s i f i e r  tests. Also, t h e  concept of  agglomerating t h e  ash i n  
t h e  feed  mater ia l  and t h e  subsequent separa t ion  of t h e  agglomerated ash  from t h e  
f l u i d i z e d  char bed was demonstrated. This  paper will d i s c u s s  the  conceptual  design 
of t h e  g a s i f i e r  and opera t ing  r e s u l t s  from some of t h e  tests. 

The process  

The Westinghouse c o a l  g a s i f i c a t i o n  system inc ludes  two f l u i d i z e d  bed reac- 

The carbon-air combustion r e a c t i o n  provides 

The g a s i f i c a t i o n  r e a c t i o n  

Mechanical completion of t h e  PDU was  achieved i n  September 1974. Precommis- 
The synthesis  

Shakedown of the  genera tors  resu l ted  

Test ing of the d e v o l a t i l i z e r  r e a c t o r  began i n  October 1975. 

The r e s u l t s  of t h e s e  tests a r e  repor ted  elsewhere(1-6). 

Control led t e s t s  of 100 t o  150 hours were r e a d i l y  
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Westinghouse G a s i f i e r  Descr ip t ion  

The g a s i f i e r  inc ludes  two d i s t i n c t  s e c t i o n s  ( see  Figure 1). During gas- 
i f i e r  operat ion,  t h e  upper sec t ion  contains  a f l u i d i z e d  bed of coal-derived char 
p a r t i c l e s .  In t h i s  f l u i d i z e d  bed, the combustion and g a s i f i c a t i o n  r e a c t i o n s  con- 
sume the  carbon i n  t h e  char  p a r t i c l e s .  The agglomeration of the  a s h  remaining i n  
t h e  p a r t i c l e s  a l s o  occurs  w i t h i n  the upper sec t ion .  
char and ash takes  p lace  i n  t h e  lower s e c t i o n  of t h e  g a s i f i e r  which i s  c a l l e d  the  
ash  annulus. 

i n t o  a combustion/agglomeration region and a g a s i f i c a t i o n  region. 
agglomeration reg ion  i s  loca ted  j u s t  above t h e  a i r  tube. 
(char o r  coal)  which is pneumatically conveyed to  the  g a s i f i e r  i s  i n j e c t e d  d i r e c t l y  
i n t o  t h i s  region.  In t h i s  region,  char combusts w i t h  air ,  producing t h e  h e a t  neces- 
s a r y  t o :  
steam g a s i f i c a t i o n  reac t ion .  
reducing atmosphere reg ion  of f l u i d i z e d  bed where the  carbon-steam g a s i f i c a t i o n  
r e a c t i o n  occurs. 

The gas  flow r a t e s  i n t o  t h e  upper s e c t i o n  of t h e  reac tor  c o n t r o l  the  f l u i d  
dynamics i n  t h i s  sec t ion .  Ci rcu la t ion  of s o l i d s  w i t h i n  t h e  f l u i d i z e d  bed is a func- 
t i o n  of the  a i r  tube volumetr ic  f low which can be cont ro l led  by a d j u s t i n g  e i t h e r  a i r  
mass flow and/or a i r  preheat  temperature. The o ther  cont ro l  on s o l i d s  c i r c u l a t i o n  
i n  t h e  upper s e c t i o n  is a t  t h e  t r a n s i t i o n  between t h e  ash annulus and t h e  l a r g e r  
diameter f l u i d i z e d  bed s e c t i o n  of t h e  g a s i f i e r .  Gas flow ( e i t h e r  steam o r  recyc le  
gas)  is i n j e c t e d  i n t o  a g r i d  a t  t h i s  t r a n s i t i o n  t o  insure  movement of m a t e r i a l  i n  
t h i s  region.  

pera ture  of the  f l u i d i z e d  bed. A i r ,  steam, and t o  a l e s s e r  e x t e n t ,  cold recyc le  
product gas ,  a r e  used t o  c o n t r o l  temperature. F lu id ized  bed temperatures  can be 
e a s i l y  cont ro l led  anywhere from 76OoC (1400'F) t o  1095OC (2000OF). 

of char and ash p a r t i c l e s  occur. 
a s h  annulus. A s  
t h e  char and ash a r e  separa ted ,  the  l a r g e r  and heavier  ash p a r t i c l e s  d e f l u i d i z e .  The 
def lu id ized  ash p a r t i c l e s  make up a moving f ixed  bed reg ion  which is withdrawn from 
t h e  bottom of t h e  a s h  annulus .  The molar gas  f low r a t e  through t h e  a s h  annulus  con- 
t r o l s  t h e  char/ash separa t ion .  Separat ion of char  and ash  occurs a t  r e l a t i v e l y  l o w  
v e l o c i t i e s ,  t y p i c a l l y  less than 0.75 m / s  (2 .5  f t / s ) .  The main advantage of t h e  ash  
annulus i s  t h a t  i t  divorces  t h e  char /ash  separa t ion  zone from t h e  well-mixed f l u i d  
bed. 

T e s t  Resul t s  f o r  t h e  Westinghouse G a s i f i e r  

m a t e r i a l s  which included both  chars  and coa ls .  The chars  processed were from the  
fol lowing sources:  1 )  coke breeze from m e t a l l u r g i c a l  coke product ion;  2) FMC char  
from the  COED p l a n t  i n  Pr ince ton ,  New Jersey;  and 3) char produced i n  t h e  e a r l i e r  
tests of t h e  Westinghouse d e v o l a t i l i z e r .  I n  a d d i t i o n  t o  t h e  char processed,  t h r e e  
types of coals  were processed i n  t h e  g a s i f i e r  f o r  s h o r t  time per iods .  The coa ls  
included a non-caking, a mildly caking, and a h ighly  caking coal .  

were der ived from var ious  coals .  
eva lua t ion  and o p e r a b i l i t y  t e s t s  was coke breeze. 
a P i t t sburgh  seam coal .  The FMC chars  processed i n  t h e  g a s i f i e r  were der ived from 
two coal  sources:  a Kentucky coa l  and a Utah coa l .  F i n a l l y ,  t h e  d e v o l a t i l i z e r  
chars  were der ived from t h r e e  c o a l  sources:  
seam; and 3) an Upper Freepor t  seam. Typical  feed proper t ies  of t h e  chars  a r e  
given i n  Table I. 

The phys ica l  separa t ion  of t h e  

The upper f l u i d i z e d  bed s e c t i o n  of t h e  g a s i f i e r  i s  conceptual ly  subdivided 
The combustion/ 

The s o l i d  feed  m a t e r i a l  

1) promote agglomeration of ash r i c h  p a r t i c l e s ,  and 2) d r i v e  t h e  carbon- 
The g a s i f i c a t i o n  reg ion  of t h e  f l u i d i z e d  bed is t h e  

Gas flow r a t e s  t o  t h e  upper s e c t i o n  of t h e  g a s i f i e r  a l s o  c o n t r o l  t h e  tem- 

The lower s e c t i o n  of the  g a s i f i e r ,  o r  ash  annulus ,  i s  where t h e  separa t ion  
Both a s lugging bed and a f ixed  bed e x i s t  i n  t h e  

The s lugging reg ion  conta ins  a mixture  of char  and ash p a r t i c l e s .  

In 1977, t h e  Westinghouse g a s i f i e r  was operated on a wide v a r i e t y  of feed 

Most of t h e  t e s t s  run i n  1977 were conducted using char m a t e r i a l s  which 
The predominate feedstock used i n  t h e  e a r l y  des ign  

The o r i g i n  of the coke breeze  i s  

1 )  an Indiana //7 seam; 2)  a P i t t s b u r g h  
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In addi t ion  t o  t h e  chars  processed, t h r e e  coa ls  were fed d i r e c t l y  without  
pretreatment  t o  t h e  g a s i f i e r .  The c o a l s  inc lude  a Wyoming sub-bituminous C c o a l ,  
a mildly caking bituminous coa l  (Indiana #7),  and a highly caking bituminous c o a l  
(Pi t tsburgh seam). 

The two d i f f e r e n t  conf igura t ions  used f o r  char  or c o a l  feed  a r e  shown i n  Figure 2 .  
Typical  operat ing condi t ions ,  feed  r a t e s ,  and product gas and s o l i d s  compositions 
f o r  t h e  var ious runs a r e  given i n  Table 11. 
achieved on char materials. The important concept of agglomerating t h e  a s h  i n  the  
feed m a t e r i a l  and t h e  subsequent separa t ion  of t h e  agglomerated ash p a r t i c l e s  from 
t h e  char bed was s u c c e s s f u l l y  demonstrated i n  t h e  g a s i f i e r  t e s t s .  

Typical  p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  feed m a t e r i a l ,  a s h  agglomerates, 
and f i n e s  which are c a r r i e d  over i n  t h e  g a s i f i e r  off-gas t o  t h e  cyclone separa tor  
a r e  shown i n  Figure 3. It can be seen t h a t  s i g n i f i c a n t  p a r t i c l e  growth occurs  due 
t o  ash  agglomeration. Table  I1 a l s o  shows t h a t  the  bulk dens i ty  of t h e  a s h  product  
is g r e a t e r  than the  feed  o r  the  f l u i d i z e d  bed char .  Both the  i n c r e a s e  i n  p a r t i c l e  
s i z e  and dens i ty  a l lows t h e  agglomerated ash  t o  be separa ted  from char  material. 
A s  f o r  t h e  f i n e s  c a r r i e d  over from t h e  r e a c t o r ,  comparing t h e i r  s i z e  d i s t r i b u t i o n  
wi th  t h a t  of t h e  feed m a t e r i a l  has  shown t h a t  most f i n e s  a r e  simply en t ra ined  feed 
m a t e r i a l .  
combustion zone. 

s i z e ,  shape, and phys ica l  appearance depends both on g a s i f i e r  temperature and ash 
holdup o r  res idence t i m e  i n  t h e  r e a c t o r .  Figure 5 shows t h e  e f f e c t  of g a s i f i e r '  
temperature on t h e  a s h  agglomerates. Agglomerates produced a t  higher  reac tor  tem- 
pera tures  tend to  be denser  and more spher ica l .  The e f f e c t  of ash residence time i s  
shown i n  Figure 6. By f o r c i n g  t h e  a s h  p a r t i c l e s  t o  remain i n  t h e  r e a c t o r  and pass  
repea ted ly  through t h e  h igh  temperature zone, t h e  ash p a r t i c l e s  coa lesce  and grow 
i n  s i z e .  

Typica l  p r o p e r t i e s  of t h e  coa ls  processed a r e  given i n  Table I. 

successfu l  o p e r a t i o n  of t h e  g a s i f i e r  was achieved on both chars  and c o a l s .  

Run times i n  excess  of 6 days were 

The f i n e s  a r e  recyc led  t o  e x t i n c t i o n  by r e i n j e c t i o n  d i r e c t l y  i n t o  t h e  

During t h e  g a s i f i e r  tests, it was shown t h a t  t h e  agglomerated a s h  par<i ,c le  

In a d d i t i o n  t o  s tudying a s h  agglomeration, t h e  carbon-steam g a s i f i c a t i o n  
r e a c t i o n  k i n e t i c s  w e r e  analyzed for  t h e  PDU g a s i f i e r .  Based on more d e t a i l e d  
carbon-steam r e a c t i o n  k i n e t i c s  s t u d i e s  being conducted on a bench s c a l e  u n i t  a t  
t h e  Westinghouse Research Laborator ies ,  the  fol lowing equat ion was used t o  analyze 
t h e  PDU data :  

rc = C exp (-E/RT) (PHZ0)n 1) 

where rc is t h e  mass r a t e  of carbon consumed per  mass of carbon i n  the  bed (min)-1, 

C i s  a n  e m p i r i c a l l y  determined constant ,  

E i s  t h e  a c t i v a t i o n  energy (218,200 j / g  mole or 93,800 Btu / lb  mole)(7) ,  

P H ~ O  i s  t h e  i n l e t  s t ream p a r t i a l  p ressure ,  p s i a .  

A p l o t  of s p e c i f i c  r e a c t i o n  r a t e  (rc exp(E/RT)) a s  a funct ion of steam p a r t i a l  pres-  
sure  f o r  var ious PDU t e s t  p o i n t s  is given i n  F igure  4 .  
breeze gave a steam p a r t i a l  p ressure  exponent, n,  of 0.72. 
wi th  values of 0.66(7) and 0.63(8) repor ted  elsewhere. 

is much l e s s  than o ther  c h a r s  o r  coa ls  processed i n  t h e  g a s i f i e r .  
low r e a c t i v i t y  i s  probably a r e s u l t  of t h e  severe  processing which occurs during 
coking. Coke is produced at temperatures of 1035-1095°C (1900-2000eF) and has a 
res idence  time a t  these  temperatures  of between 16-30 hours. 
used during the g a s i f i e r  tests were t y p i c a l l y  produced a t  temperatures between 705- 
870°c (1300-1600°F) w i t h  a res idence  time a t  these  temperatures of  between 1 t o  2 hours. 

The regressed  d a t a  f o r  coke 
This compares favorably 

I t  i s  worth not ing  i n  Figure 4 t h a t  t h e  r e l a t i v e  r e a c t i v i t y  of coke breeze 
This apparent ly  

The o ther  char  m a t e r i a l s  
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In conclusion,  t h e  g a s i f i e r  test s e r i e s  has  been very successfu l .  A wide 

Control led opera t ion  of t h e  g a s i f i e r  has been 
v a r i e t y  of feed material which inc ludes  c o a l  and coal-derived chars  have been pro- 
cessed i n  t h e  Westinghouse g a s i f i e r .  
achieved f o r  continuous runs  i n  excess of 6 days. I n s i g h t s  i n t o  ash  agglomeration 
and subsequent separa t ion  from t h e  char bed has  been gained and l a b o r a t o r y  s c a l e  
experiments have proved h e l p f u l  in analyzing t h e  g a s i f i c a t i o n  k i n e t i c s  f o r  t h e  PDU 
g a s i f i e r  . 
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Table 2. Typical Gasifier Results 

1 ooc 

5 E 
E 

bs 
0 
0 
P 

1 oc 

Figure 3. Typical Sire Distributions of 
Qasifier Feeds and Products 
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Figure 4. Specific Reaction Rate as a Function 
of Steam Partial Pressures for Various 
Gasifier Feed Material 
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Figure 5. The Effect of Temperature on Ash 
Agglomerates 
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Figure 6. The Effect of Increased Holdup in 
the Reactor on Ash Agglomerates 
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